Eighty four new U-Th ages are presented for twenty randomly selected broken, displaced and reworked calcite speleothems retrieved from clastic sedimentary fill and from isolated bedding-plane shelves in Crag cave (SW Ireland). The dated pre-Holocene samples span much of the last glacial, ranging in age from 85.15 ± 0.60 to 23.45 ± 0.17 ka. Speleothem deposition requires the presence of liquid water, and because Crag cave is a shallow system, deposition is considered likely only when mean annual air temperatures (MAAT) exceed the freezing point of water. Deposition at this mid-latitude ocean-marginal site occurred episodically during MIS5a through to MIS2, synchronously within dating uncertainties, with the timing of Greenland Interstadials (GI). In the latter part of Marine Isotope Stage 3 (MIS3), deposition was particularly intense, consistent with regional scale climate amelioration inferred previously from radiocarbon ages for sparse MIS3 organic and freshwater surficial deposits in N. Ireland. A brief episode of speleothem deposition at c.23.40 ± 0.22 ka coincides with GI-2, demonstrating the sensitivity of the site to brief climate amelioration episodes in Greenland during MIS2. Conditions favourable for speleothem deposition occurred periodically during the last glacial, indicating temperature changes of at least 10 o C between stadials and interstadials at this mid-latitude site. Deposition ceased during Greenland Stadials (GS), including during periods of ice-rafting in the adjacent N. Atlantic Ocean (Heinrich events). Oxygen and carbon isotope ratios of the last glacial speleothems are generally elevated, reflecting non-equilibrium isotope fractionation effects. However, establishment of low δ 13 C values often occurred within a few decades of climate amelioration, indicating that biogenic CO2 production resumed rapidly at this site, particularly during MIS3. Speleothem δ 18 O variability was driven largely by long-term changes in the δ 18 O value of the adjacent North Atlantic surface water, in turn largely reflecting changes in global ice volume. In common with published speleothem datasets, warming episodes in Ireland associated with GI events typically pre-date their timing in the GICC05 and GICC05modelext time scales, but lie comfortably within the maximum counting uncertainties of these ice core age models.
Introduction
The abrupt millennial-scale Dansgaard-Oeschger (D-O) cycles that characterised the last glacial are well documented in Greenland ice cores (Johnsen et al., 1992; Dansgaard et al., 1993; Svensson et al., 2008) , several marine sediment cores (e.g. Bond et al., 1993; Elliot et al., 2002; Hall et al., 2011; Eynaud et al., 2009 ) and in some highly-resolved terrestrial records (Voelker, 2002; Wohlfarth et al., 2008; Fletcher et al., 2010) . The underlying causes of D-O variability remain controversial (Clark et al., 2002; Li et al., 2010; Dokken et al., 2013; Peltier and Vettoretti, 2014) , but explanations generally involve changes in the North Atlantic meridional heat transport, sea ice extent and ice sheet dynamics, consistent with observations of anti-phase climate oscillations in Antarctica (Stocker, 1998; Wolff et al., 2010; Margari et al., 2010; WAIS Divide Project Members, 2015) . Greenland Interstadial (GI) events have particularly clear expressions in Northern Hemisphere speleothems (e.g. Wang et al., 2001; Burns et al., 2003; Spötl et al., 2006; Fleitmann et al., 2009; Zhou et al., 2008; Zhao et al., 2010) , but have also been detected in speleothems from the Southern Hemisphere tropics (Kanner et al., 2012) . The distinct D-O patterns preserved in speleothems from the Indian/Asian monsoon regions are striking, indicating a strong teleconnection, probably linked to meridional migrations of the Intertropical Convergence Zone (ITCZ).
Paradoxically, the impacts of GI events on terrestrial climatic conditions in the mid to high latitude circum-North Atlantic regions closer to Greenland, where they were first described in ice core δ 18 O records (Dansgaard et al., 1993) , remain less well documented, chiefly because of the paucity of suitable terrestrial or near-shore marine pollen records with adequate temporal resolution and chronological control. Such records are particularly scarce north of 45 o N (Fletcher et al., 2010; Sánchez Goñi and Harrison, 2010) . The available precisely-dated European speleothem records for the last glacial are restricted to the Alps (Spötl et al., 2006; Boch et al., 2011; Moseley et al., 2014; Luetscher et al., 2015) , southern France (Genty et al., 2003; Wainer et al., 2009; Genty et al., 2010) and northern Spain (Stoll et al., 2013) .
Similarly, the terrestrial climatic impacts in the mid latitude circum-Atlantic region of episodic ice-rafting associated with North Atlantic Heinrich events (Hemming, 2004) are not well quantified. Finally, while it is generally considered that the onset of warming at D-O stadial-interstadial transitions was likely synchronous between the mid-and high-latitudes of the North Atlantic region, few precisely dated records exist to test this assertion, and it is timely to revisit this question in the light of the recent discovery of centennial-scale time lags 3 in the expression of GI events between Greenland and Antarctica (WAIS Divide Project Members, 2015; van Ommen, 2015) .
In this study we present new U-series data for speleothems to independently constrain the timing of the onset of warming associated with GI events at a mid-latitude (52 o N) coastal site (Crag cave, SW Ireland). Speleothems from Crag cave offer a particular advantage for the investigation of climate variability during the last glacial because of the cave's maritime setting. Unlike some surficial terrestrial archives such as lake sediments and peat deposits, speleothems are normally quite protected from direct glacial erosion, although they can be vulnerable to destruction by meltwaters during deglaciation. Crag cave is a shallow (c. 20 m deep), low elevation (60 masl), sub-horizontal system developed within Carboniferous limestones in maritime SW Ireland (52º15' N, 9º26' W). The cave is developed in massive grey bioclastic micrite with some coarse bioclastic calcarenites of the Lower Carboniferous
Cloonagh Formation (Pracht, 1996) . This Formation passes laterally into the Cracoean Reef facies which outcrops around the cave entrance. This comprises nearly pure calcite (>99%), with local dolomite crystals and quartz veins (Tooth and Fairchild, 2003) . Close to the northeastern end of the cave, across a brecciated fault zone, the lithology changes to the darker Dirtoge Formation, a well-bedded black to dark-grey fine-grained bioclastic limestone with chert and shale horizons.
The sulphur concentration of the bedrock is low (<0.01 wt%) and δ 34 S analyses of the modern drip-waters indicate that marine aerosols dominated over bedrock dissolution as a source of drip-water sulphate (Wynn et al., 2008) . Thus, while sulphide dissolution in the host-rock cannot be entirely excluded, the sulphur isotope data and the relatively low S/Cl ratios of the modern drip-waters (Johnston, 2010) argue against sulphide dissolution as a major process at the site.
The cave's geographical position on the Atlantic margin makes it ideal for the assessment of the impact of centennial-to millennial-scale climate shifts on mid-latitude terrestrial climatic conditions during the last glacial. A two-year cave monitoring programme in the 1990s
confirmed that its internal air temperature remains virtually constant at 10.4 o C, closely tracking the regional mean annual air temperature (MAAT) (McDermott et al., 1999) .
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The traditional view that the southern part of Ireland remained unglaciated during the LGM (e.g. Bowen et al., 1986) has been discounted by recent studies, and it is now widely accepted that the island of Ireland was entirely glaciated by the dynamic British-Irish ice sheet (BIIS) during the Last Glacial Maximum (LGM) (Clark et al., 2012; Hughes et al., 2016) . The Crag cave site in SW Ireland is nonetheless situated in a region where climatic conditions may have been influenced by ice-marginal effects, particularly in the periods leading up to and immediately following the LGM (see maps of Hughes et al., 2016) .
In shallow karst systems such as Crag cave, speleothem deposition is possible only when the The main objectives of this study were to: (i) assess the impact of GI events on the regional climatic conditions at this mid-latitude coastal site that is sensitive to sea-surface temperature conditions in the adjacent N. Atlantic, (ii) provide an independent chronological framework for the climatic fluctuations associated with D-O cycles, (Greenland Interstadials GI;
Greenland Stadials GS) and Heinrich stadials (HS) Hemming, 2004) , and (iii) explore whether systematic latitudinal leads and lags can be identified in the timing of GI warming events that could in turn provide clues about their underlying causes. In order to advance these aims we present a comprehensive U-series dated speleothem dataset from Crag cave, SW Ireland. Speleothem deposition at this site appears to be highly sensitive to millennial-scale climate change during the last glacial.
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Methods
Considering that glacial meltwaters had probably dislodged and transported stalagmites in the cave, the sampling strategy was to collect a random selection of broken and dislodged speleothems that occur within the well-mixed, locally imbricated de-glacial clastic sediments in the cave. These broken and dislodged speleothems were sampled for U-series dating to evaluate the history of pre-LGM speleothem deposition in the cave. Similarly, several samples were found loose on the cave floor or on isolated rock ledges within the cave, having been apparently displaced and transported by flood meltwaters that flushed through the cave, likely following the Last Termination. A few samples (C58-2, CR001, CR002, CR004, CR007, CR008 and CR026) were found in or very close to their original depositional positions partly within the unconsolidated post glacial sedimentary fill.
The main objective of the U-series dating work was to constrain the upper (younger) and lower (older) limits of hiatus-bound depositional phases within multiple speleothems.
Following observation of the depositional phases using petrographic thin sections and thick back-lit slices, samples were selected for dating (c. 50-100 mg) by drilling at points along the stalagmite growth axes and in flowstones perpendicular to the layering. Although the stalagmites were generally not in-situ, is was relatively easy to establish their growth axis based on the overall shape of the samples and on the geometry of the laminae after the samples had been sawn in half parallel to their long axes. Sample powders were weighed and spiked using a calibrated mixed 233 U/ 236 U/ 229 Th isotope tracer. Following sample dissolution in low-blank nitric acid and overnight sample-spike equilibration, chemical separation of uranium and thorium was carried out by anion exchange chromatography using standard methods.
All measurements for the U-series work were carried out using a high-resolution multicollector inductively coupled plasma mass-spectrometer (ThermoFisher Neptune® multicollector equipped with an Aridus® desolvation nebuliser) at the National Centre for Isotope Oxygen and carbon isotopes were analysed on calcite sub-samples drilled along the growth axis of the speleothems at a spatial resolution ranging from 0.5 mm (CR025) to 2mm (C58-2), and in some samples only pointwise, adjusted as necessary around the sampling points for UTh measurements (CR008, CR020). The analysis were performed at the Institute of Geological Sciences at the University of Bern, Switzerland, using the methods described previously (Fleitmann et al., 2009) . 150-200 μg of powder per sub-sample was measured using a Finnigan Delta V Advantage gas source mass spectrometer, and an internal laboratory standard calibrated to the Vienna Pee Dee Belemnite-standard (VPDB). The results are expressed in the delta (δ) notation in per-mil (‰) deviation between the sample and the VPDB-standard. Analytical precisions of δ 13 C and δ 18 O measurements are 0.06‰ and 0.07‰, respectively (1σ-error).
Where appropriate, our interpretation of the U-series dates and accompanying stable isotope data was supported by textural analysis of the speleothem crystal fabrics based on the scheme of Frisia (2015) .
Results
Stalagmites from Crag cave are characterised by high uranium contents (typically several ppm and exceptionally more than 30 ppm, Table 1 ) which facilitates precise U-series dating. In total eighty four U-Th ages ( The speleothems reveal a variety of calcite fabrics (Frisia, 2015) . would permit a more detailed analysis of the character of the hiatuses. The classification scheme of Railsback et al. (2011) was applied where possible, and this approach indicates that the tops of the depositional phases corresponding to GI-10, GI-8, GI-6 and GI-5.2 in sample CR025, and GI-8 in C58-2 can be attributed to surface type L, representing a decrease of the sample diameter due to lower drip rates. However we cannot preclude the possibility that the upper surface of the interval corresponding with GI-8 in CR025 has been partially eroded on one side (Fig. 1 ).
The discontinuous nature of the samples that typically comprise several hiatus-bound depositional intervals also results in quite variable growth rates, even within a single sample.
Intervals of several centimetre speleothem deposition where U-Th ages are almost identical within each-others uncertainties occur, indicating very fast deposition within a few hundred 9 years, and thus growth rates of > 100 mm/ka, (eg. GI-5.2 and GI-6 sample C58-2; GI-5.2 and GI-6 in CR025, sample CR035-B). By contrast, other intervals exhibit growth rates that are 5 to10 times slower (eg. GI-4 in CR025, GI-7 in C58-2).
Discussion
Timing of speleothem deposition during the last glacial at Crag cave
Phases of speleothem deposition were found to be linked temporally with the Greenland Interstadials (GI) GI-21 through to GI-2 (Fig. 3) . As discussed below, deposition continued episodically during MIS5a through to MIS2, synchronously with GI events, well within their dating uncertainties, based on the maximum counting errors of the NGRIP spliced GICC05/ss09sea age model (Svensson et al., 2008 , Wolff et al., 2010 and the extended INTIMATE event stratigraphy for the last glacial (Rasmussen et al., 2014) , (Table 2) . GI-21
is represented by nine U-series dates from four independent speleothems (CR005, CR035-A, CR035B and CR023; Fig. 3 Deposition at 65.65 ± 0.33 ka near the base of sample CR032 (Fig. 2 ) may be linked to GI-18, but its timing is considerably older (by about 1.5 ka) compared with GI-18 in the INTIMATE event stratigraphy at 64.1 ka. We note that an early onset in GI-18 at c. 65 ka also seems to be preserved in the Hulu Cave record (Wang et al. 2001 , Fig. 3E ), but the shift in δ 18 O is gradual and muted, making the transition difficult to define. As discussed below, stalagmite CR032 is not considered to be a reliable indicator of the start of GI-18 (or other events)
because of the difficulty in defining discrete depositional phases in this particular stalagmite (Fig. 2 ), in contrast with the clearly defined hiatus-bound visible depositional phases in the exemplar stalagmites CR025 and C58-2 (Fig. 1) . Deposition recorded by CR028 U-Th-1 at 58.40 ± 0.43 ka is similar to the timing of GI-16.2 in the extended INTIMATE event stratigraphy (Rasmussen et al., 2014) at 58.28 ka, and is comfortably within the relatively large quoted 2σ uncertainty of 2.51 kyr for the INTIMATE stratigraphy at this time ( 5'E) (Genty et al., 2003; Wainer et al., 2009; Genty et al., 2010) . At Villars Cave, a clear depositional hiatus bracketed by two U-series ages (55.94 ± 0.58 and 51.78 ± 0.88 was documented in a stalagmite (Vil 9), that otherwise grew continuously throughout MIS3 (Genty et al., 2003) . While the paucity of deposition in the period between c. 56.8 ka and 50.5 ka, much of which is represented by the relatively long-lived GI-14 in Greenland, may reflect local site-specific effects (e.g. hydrological routing), the occurrence of a coeval depositional hiatus at Villars Cave may indicate an overarching climatic control at these midlatitude sites that are particularly sensitive to conditions in the N. Atlantic. It is also noteworthy in this regard that the beginning of this long depositional hiatus coincides with cooling event HS-5a, recognised in marine sediment cores from the Labrador Sea (Rachid et al., 2003) , the Irminger Sea (van Kreveld et al., 2000) (Fig. S1 ). The absence of speleothem deposition during the time period ~57-50 ka (GS-16.1 through to the quasi-stadial GS-14) suggests that despite its long duration in Greenland, terrestrial climatic amelioration at 52 o N during GI-14 was insufficient to permit speleothem deposition, although we cannot rule out alternative explanations such as cave flooding at this time.
By contrast with the paucity of deposition during the early part of MIS3 at this site, a period of intense speleothem deposition occurred during the latter part of MIS3, associated with multiple GI events, GI-12 through to GI-3, with the intervening GS events represented by depositional breaks (Figs. 1 and 2) . Distinctive, hiatus-bound episodes of speleothem deposition are particularly well defined within MIS3 within the two key stalagmites (CR025 and CR58-2, Fig. 1 ). Thus, sample CR025 contains nine visible hiatus-bound MIS3 depositional intervals constrained by 24 U-Th ages (Fig. 1) . Sample C58-2 contains seven such depositional phases, six of which are also represented in CR025, constrained by a further 25 U-Th ages ( Fig. 1 & Table 1 ). Several independent speleothems from the site show episodic deposition during MIS3 (Fig. 3B, Fig. 2 ), indicating an overarching external climatic
and not a localised hydrological control on speleothem deposition. Episodic deposition during the latter part of MIS3 is consistent with previously described but poorly resolved and dated evidence for MIS3 interstadials in Britain and Ireland (Coope et al., 1977; Woodman et al., 1997; Colhoun et al., 1972) . Evidence from surface sediments for climate amelioration episodes during MIS3 is sparse in Ireland, but organic-rich silts sampled from between two tills at Derryvree (Co. Fermanagh, N. Ireland) yielded calibrated radiocarbon ages of 31.7 to 36.9 ka (Colhoun et al., 1972) , corresponding approximately to GI-8 to GI-5. Similarly, organic material from a lacustrine deposit at Greenagho (Co. Fermanagh, N. Ireland) produced a calibrated radiocarbon age of 37.2 to 35.7 ka, likely linked to GI-8 or GI-7.
Evidence for the high sensitivity of Crag cave site to even brief periods of climate amelioration, likely linked to temporary northward retreats of the N. Atlantic Polar Front during the last glacial, is neatly provided by a brief phase of deposition at 23.45 ± 0.17 ka and 23.35 ± 0.10 ka (overlapping ages), reflecting the weak and short-lived GI-2.2 event within MIS2 (Fig. 3, Table 2 ), dated in the Greenland ice at 23.34 ± 0.60 ka (Svensson et al., 2008; Rasmussen et al., 2014 ).
Overall we argue that well-defined phases of deposition, highlighted by the vertical yellow bars in Fig. 3 , typically fall within the error limits of the chronology for GI events (Svensson et al., 2008; Rasmussen et al., 2014) ka) by up to 610 years (Fig. 3, Table 1 ), but is well within the relatively large 2σ uncertainties attached to this extended part of the INTIMATE event stratigraphy (Rasmussen et al., 2014) .
Because late glacial speleothem deposition at Crag cave was strongly discontinuous and episodic, the mid-point δ 18 O transitions between stadial and interstadial conditions that are conventionally used to correlate with GI events in the Greenland ice records (e.g. Austin and
Hibbert, 2012) cannot be distinguished in our dataset, unlike at other European cave sites where speleothem deposition was apparently continuous through at least some of the Greenland Stadials (e.g. Genty et al., 2010; Boch et al., 2011; Moseley et al., 2014) .
However, the evidence for a temporal association between depositional phases at Crag cave and GI events is overwhelming and to our knowledge is unique for these northerly midlatitudes. Our preferred correlations between the last glacial depositional phases in Crag cave and the extended INTIMATE event stratigraphy (Rasmussen et al., 2014 ) is shown in Table 2 .
Timing of non-depositional phases during the last glacial at Crag cave
Episodes of non-deposition also occurred synchronously in several speleothems from Crag cave. Fig. 3 also illustrates the timing of depositional hiatuses in relation to the age of Heinrich stadials (HS) from published datasets. Depositional hiatuses in our speleothem dataset offer independent tight constraints on the timing of Heinrich stadials HS-6 to HS-2 (Fig. 3F) . The beginning of HS-6 is constrained by the short depositional pulse at 65.65 ± 0.33 ka corresponding to a thin grey calcite layer in CR032 (Figs. 2 & 3 ) that exhibits particularly high δ 13 C (discussed below), reflecting kinetic isotope fractionation (McDermott et al., 1999) . As discussed below, this may suggest marginal conditions for speleothem deposition at this time. Deposition recommenced in CR032 at 60.83 ± 0.37 ka (Fig. 2) , marking the end of HS-6 at 60.1 ka (Sánchez Goñi and Harrison, 2010) and the onset of GI-17 at 59.44 ± 2.57 ka (Svensson et al., 2008; Wolff et al., 2010; Rasmussen et al., 2014) .
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Cooling associated with HS-5 is recorded as a depositional break between 50.53 ± 0.35 ka (CR008-B) and 47.90 ± 0.24 ka (CR032, Fig. 2 
Deposition during the Younger Dryas and the start of the Holocene
While the main focus of this paper is on the last glacial, here we briefly discuss the evidence for speleothem deposition and climatic conditions during the Younger Dryas ( 
Interpretation of Oxygen and carbon isotope variability
Speleothem oxygen and carbon isotope data provide further insights into the impacts of millennial-scale climate variability on terrestrial conditions and ecosystems during the last glacial. A wide range of climate-related factors are known to influence speleothem δ 13 C (Baker et al., 1997; Genty et al., 2001; McDermott, 2004; Rudzka et al., 2011) . In general, low δ 13 C values indicate that cave drip-waters equilibrated with soil CO2 produced by biological processes, involving some combination of root respiration by extant vegetation and microbial decomposition of older stored organic matter in the soil, and possibly in the epikarst and vadose zones. In the presence of C3 plants, the δ 13 C of soil CO2 is typically in the range -26 to -20‰ (Baker et al., 1997) . δ 13 C values in the range -14 to -6% are therefore expected for speleothems in these regions, taking into account the equilibrium isotope fractionation 15 factors between soil CO2 and the dissolved inorganic carbon (DIC) carried downwards by percolating soil waters, and the additional small δ 13 C fractionation that occurs when speleothem calcite is precipitated by degassing in the cave (Mook et al., 1974; Salomons and Mook, 1986 ). Low δ 13 C values in speleothems deposited in Crag cave during MIS3 and 5a, particularly in GI-5 and GI-6 are noteworthy, because they indicate conditions favourable for the presence of vegetation above the cave, and inputs from biogenic soil-derived carbon.
Importantly, δ 13 C attains relatively low values of <-8 during GI-5.2 and GI-6 in both samples CR025 and C58-2 (Fig. 4) , similar to those observed in a Holocene stalagmite (CC3) from this cave (McDermott et al., 1999) , and well within the range expected for a site where C3 vegetation occurs. The observation that even the earliest calcite that was deposited following the stadials in MIS3 exhibits low δ 13 C values (<-8 ‰) could indicate the rapid reestablishment of vegetation when climatic conditions ameliorated (e.g. GI-5.2 and GI-6 Figures S2 and S3 ). An alternative interpretation, consistent with the rapidity with which low δ 13 C values are re-established after climate amelioration (e.g. likely within decades to a century in the cases of GI-4, GI-5.2, GI-6, GI-7, GI-8 and GI-11, Fig. S3 ) is that organic material that was stored in frozen soils and possibly the epikarst zone of the cave was rapidly remobilised by microbial decomposition immediately after the onset of warming. Either explanation requires rapid local warming at the onset of these interstadials.
As discussed below, the interpretation of speleothem δ 18 O variability in terms of a single climate variable is usually not possible because of the multiplicity of factors that influence speleothem δ 18 O (e.g. vapour source and transport effects, air temperature and site-specific effects). Nonetheless, clear differences can be observed between the last glacial and Holocene samples that are discussed below.
In detail, δ 18 O and δ 13 C are strongly correlated in the last glacial samples, indicating the prevalence of kinetic isotope enrichment processes (Fig. 6) . The data exhibit two sub-parallel arrays, with the offset to high δ 18 O in the last glacial samples attributable to the ice-volume influence on North Atlantic δ 18 O, the predominant vapour source for meteoric precipitation at this site. Importantly, it can be argued that samples with the lowest δ 13 C (< -4‰) are least affected by isotope disequilibrium effects, and δ 18 O in these samples exhibits a long-term shift to higher values during the course of the last glacial (Fig. 5b) , closely tracking the δ 18 O of the 16 N. Atlantic inferred from planktonic foraminifera δ 18 O data from core ODP 980 (55º29'N, 14º42'W; Supplementary Fig. S1 ). This indicates a direct link between Atlantic Ocean surface water and the Crag cave speleothem δ
18
O signal, suggesting that the water vapour source, and not local air temperature provided the first-order control on speleothem δ 18 O on these timescales.
Implications for the NGRIP Chronology
The data provide new insights into the terrestrial climatic impact of millennial-scale variability linked to Greenland Interstadials (GI), with a resolution and chronological control that the soil ecosystem responded rapidly (within a few decades, Figure S3 ) to repeated climate amelioration during GI events throughout the entire glacial, producing sufficient CO2
to generate the CaCO3-saturated drip-waters required for speleothem deposition.
In Fig. 7 , the timing of the beginning of the hiatus-linked depositional phases in Crag cave speleothems are compared in with the timing of GI events in Greenland (Svensson et al., 2008; Rasmussen et al., 2014) . Whilst recognising that oxygen isotope-transition mid-points are used to define the onset of GI events in the Greenland ice core records, the transitions are extremely rapid (typically a few decades), and so their comparison with the onset of deposition at Crag cave is relevant to discussions about possible leads, lags or chronological errors. As observed previously in studies of the timing of GI events in speleothems from Hulu Cave (Wang et al., 2001 ), Sofular Cave (Fleitmann et al., 2009 ), Kleegruben Cave (Spötl et al., 2006) , Sanxing Cave (Jiang et al., 2016) and the NALPS record (Boch et al., 2011; Moseley et al., 2014) , the onset of depositional phases at Crag cave linked to GI events typically pre-dates the Greenland chronology by several centuries, but all of the differences lie within the 1-sigma ice core counting errors (Svensson et al., 2008; Rasmussen et al., 2014) .
In detail the age discrepancies changes from virtually zero at GI-1 to c. 750 years at GI-4 for the Hulu record (Fig. 7) , returning to almost zero close to 85 ka (GI-21).
In general, the onset of speleothem deposition at Crag cave in response to GI events occurs earlier than the timing of these events in the INTIMATE event stratigraphy in the period c.
65-25 ka based on the GICC05modelext time scale. Similar observations have been made for speleothems from Hulu-and Sofular caves (Wang et al., 2001; Fleitmann et al., 2009 ) and caves in the northern European Alps (Boch et al., 2011; Moseley et al., 2014; , but we emphasise that the age offsets are always within the 2σ maximum counting uncertainty limits of the NGRIP chronology and indeed, with the exception of GIU-4 are typically within the 1σ limits (Fig. 7) . The mismatch between the NGRIP and Hulu chronology has recently prompted the application of an ad-hoc correction factor (x 1.0063; WAIS Divide Project Members, 2015) in order to correct for possible missing layers in the NGRIP record. We note that for the period before 60ka (e.g. GI events 21-20), the mismatch is negligible, but this in part reflects the effect of subtracting 705 years in the period before 60ka (Wolff et al., 2010) in the underpinning GICC05modelext time scale.
It is also noteworthy that the available speleothem constraints from Crag cave, Hulu cave and Sofular cave for the timing of some GI events (e.g. GI-4, GI-11) are in particularly good agreement ( Fig. 7) and this suggests that the NGRIP chronology may be too young, but probably by less than 500 years during MIS3. While the timing offsets relative to NGRIP exhibited by the Hulu, Sofular and Crag cave data are suggestive of a common trend (decreasing age offset relative to NGRIP between GI-11 and GI-8, followed by an increasing offset between GI events 8 and 4, the differences are small and are typically close to or within the dating error bars for the speleothem U-series dates. The relatively large age difference for the onset of GI-4 in the Crag, Hulu and Sofular speleothem records (Fig. 7) merits further investigation as it may imply delayed warming in Greenland relative to the lower latitudes immediately after Heinrich event H4.
Implications for British-Irish Ice Sheet (BIIS) dynamics
Evidence for abundant speleothems deposition at Crag cave between 38-34 ka and 32-30 ka is in good agreement with a recent reconstruction of the BIIS margin (Clark et al., 2012; Hughes et al., 2016 ) that implies ice-free conditions in southern Ireland during this part of late MIS3.
Speleothem deposition at the Crag site in the period around 29-28 ka (e.g. dates at 27.92 ± 0.16 ka, 28.21 ± 0.11 ka and 29.18 ± 0.17 ka) argues against an extensive regional scale ice sheet cover in this interval, as implied by a recent BIIS reconstruction (Hughes et al., 2016) , but is consistent with a view that maximum ice sheet limits did not occur until around 27 ka in the region offshore SW Ireland (Clark et al., 2012) . Evidence for a brief phase of speleothem deposition at c. 23.4 ka at the top of speleothem CR025 (Fig. 1) suggests that the climatic amelioration associated with GI-2 may have resulted in a temporary retreat of the BIIS at this site in SW Ireland, again perhaps implying a more dynamic south-western margin or earlier establishment of an ice-free corridor north of the mountainous area in SW Ireland than implied in some recent reconstructions. Deposition at c. 23.4 ka is consistent with early (24-21 ka) thinning of the Irish Ice Sheet (Ballantyne and Stone, 2015) .
Summary
U-series ages for a wide selection of randomly sampled broken and reworked speleothems from clastic sediments of Crag cave site indicate that speleothem deposition was strongly episodic during the last glacial. Crucially, these depositional phases are demonstrably linked to intervals of regional-scale climatic amelioration associated with GIs. In general, the onset of speleothem depositional phases at Crag cave coincides within chronological uncertainties with the previously published start dates for multiple GI events throughout the past 85kyrs.
By virtue of the Crag cave's mid-latitude Atlantic margin position and its sensitive threshold deposition/no-deposition response during the last glacial, the new data permit an unprecedentedly detailed reconstruction of the repeated millennial-scale Polar Front advances and retreats associated with climate perturbations during the last glacial, at temporal resolutions that were hitherto unattainable.
There is evidence that the onset of speleothem depositional phases may have predated the timing of linked GIs, typically by up to a few centuries, and exceptionally by up to 1.5 kyr in the case of GI-18, although further work is required to investigate this. Similar systematic offsets to older ages relative to equivalent interstadial events in the NGRIP chronology have been observed elsewhere in speleothem records from the Northern Hemisphere (e.g. Hulu
Cave, Kleegruben Cave, Sofular Cave). This may indicate that at least some intervals of the Greenland and INTIMATE event chronology are too young, although we emphasise that the age differences are small and lie within the quoted maximum counting uncertainties of the NGRIP chronology.
There is also strong evidence that conditions at the cave site during the Heinrich stadials were not conducive to speleothem deposition. The new dates place tight constraints on the timing of cooling episodes that are linked to Heinrich stadials H6 to H2. We interpret the absence of deposition during these cold intervals as reflecting the presence of permafrost, likely linked to southward migration of the polar front in the adjacent North Atlantic Ocean. The evidence for
Greenland-synchronous warming and cooling events at this mid-latitude site, coupled with the observation that some Heinrich stadials were associated with only muted changes in N. Photographs showing cross-sections through the two key stalagmites CR025 and C58-2 with positions of samples for U-series dating (yellow and white ellipses) and U-series dates (ka). Depositional phases that can be correlated with Greenland Interstadials in the two stalagmites are labelled. H2, H3 and H4 in red pinpoint the non-deposition intervals which can be correlated to Heinrich stadials.
Fig. 2:
Picture showing the range of last glacial Crag cave speleothems that have been Useries dated in this study, illustrating that depositional pulses and hiatuses are not restricted to a small number of samples. The sampling points for U-series dating (black or white) and the tracks for stable isotope analyses (red) are also indicated. Svensson et al., 2008; Wolff et al., 2010 , Rasmussen et al., 2014 is also shown for reference. Note that δ 13 C and δ 18 O are strongly correlated within most of the last glacial samples (Fig. 6) indicating that only the sub-samples that display the lowest δ 13 C values are likely to reflect temporal changes in climate-driven biogenic CO2 production. 18 O data for those samples for which δ 13 C is < -4.0‰ to eliminate those affected strongly by kinetic isotope fractionation effects. Also shown (black line) is the curve for planktonic foraminifera δ 18 O from the N. Atlantic core ODP 980 (McManus et al., 2001 ) and the NGRIP δ 18 O record. Note that δ 13 C and δ 18 O are strongly correlated within most of the last glacial samples (Fig. 6) indicating that only the sub-samples that display the lowest δ
18 O values are likely to reflect temporal changes in climate-driven δ 18 O. LG speleothems, compared with a previously published dataset for a Holocene stalagmite (CC3) from this cave (McDermott et al., 1999) . The strong correlation between δ
18
O and δ 13 C is indicative of kinetic isotope enrichment effects (Dreybrodt and Deininger, 2014) .
Fig. 7:
Data points depict the difference in timing of GI events identified in speleothem records from several caves, plotted against their NGRIP chronology (Svensson et al., 2008; Wolff et al., 2010) . Data are from Crag cave (red diamonds), Hulu Cave (China) (Wang et al., 2001 ) (blue circles), Sofular Cave (Turkey) (Fleitmann et al., 2009 ) (pink triangles), Kleegruben cave (Spötl et al., 2006 ) (green squares) and the NALPS record (light green circles (Boch et al., 2011) and dark green circles (Moseley et al., 2014) ). For NGRIP, the GICC05 chronology (Svensson et al., 2008) was used until 60ka, and the GICC05modelext chronology, the original chronology modified after Wolff et al., (2010) was used for the ages >60 ka. The inner shaded triangle represents the 1σ uncertainty, the outer dashed line 2σ, on the NGRIP chronology (Svensson et al., 2008; Wolff et al., 2010 , Rasmussen et al., 2014 . Table 1 : U-series data for the investigated Crag cave speleothem samples. All uncertainties are 2σ errors. Ages are given in ka before present, where the reference is the year 2000 AD (b2k). Decay constants of 9.17055436E-6 for 230 Th, 2.8220307E-6 for 234 U after Cheng et al. (2013) and 1.55125E-10 for 238 U from Jaffey et al. (1971) were used. A correction for detrital thorium was applied using an activity ratio of 0.8 ± 0.4 as discussed by Richards and Dorale (2003) . Corrected ages were used throughout. Table 2 : Proposed correlations between the onset of speleothem deposition at Crag cave during the last glacial and the Greenland Interstadial event stratigraphy after Rasmussen et al. (2014) . Uncertainties are given as 2σ.
Fig. S2: δ
18 O (blue) and δ 13 C (red) values for stalagmite CR025 and C58-2 and NGRIP δ 18 O to correlate the depositional intervals to GI. The age model of the stable isotope records for the individual depositional phases are made by interpolation and extrapolation, with the relevant available U-Th ages. This is a simplification and may mask depositional rate changes due to the limited number of U-Th ages. δ 13 C values more than -4.0‰ are attributed to kinetic isotope fractionation.
Fig S3: δ
18 O (blue) and δ 13 C (red) values for selected sections of stalagmite CR025 and C58-2, showing changes in isotope values as a function of distance into and out of the selected GI events. Green dots show the location and values of U-series ages. In many cases the isotope shifts occurred more rapidly than could be resolved by the U-series dating. In several cases (e.g. GI-5.2 and GI-6 in sample CR025, GI-5.2, GI-6, GI-8 in sample C58-2) immediately following the onset of calcite growth (right hand side of each panel). Shifts to higher values at the end of depositional intervals also occurred rapidly on decadal to centennial timescales (left hand side of panels on Fig. S3 ), interpreted to reflect the onset of kinetic isotope fractionation processes as a result of cold/dry conditions before the cessation of speleothem depositional phases.
